Evaluation of Trabecular Microarchitecture of Normal Osteoporotic and Osteopenic Human Vertebrae  by Cesar, R. et al.
 Procedia Engineering  59 ( 2013 )  6 – 15 
1877-7058 © 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
Selection and peer-review under responsibility of the Centre for Rapid and Sustainable Product Development, Polytechnic Institute of Leiria, 
Centro Empresarial da Marinha Grande
doi: 10.1016/j.proeng.2013.05.087 
3rd International Conference on Tissue Engineering, ICTE2013 
Evaluation of trabecular microarchitecture of normal osteoporotic 
and osteopenic human vertebrae 
R. Cesara,*, R. S. Boffaa, L. T. Fachineb, T. P. Leivasb, A. M. H. Silvaa, C. A. M. 
Pereirab, R. B. M. Reiffb, J. M. D. A. Rolloa 
aUniversity of São Paulo, São Carlos, CEP 13566-590, Brazil 
bHospital das Clínicas, São Paulo, CEP 5403-000, Brazil 
Abstract 
Osteoporosis is defined by the National Institutes of Health as a skeletal disorder characterized by compromised bone strength, 
increasing fracture risk. Samples of vertebral cancellous bone were extracted from human cadavers from the T12 region. The 
comparative pre-selection of bone into the three groups was performed using the calcaneal ultrasonometry and evaluated by 
image analysis: microtomography, X-ray diffraction, optical microscopy e scanning electron microscopy. The results showed, 
for the diseased bone, degradation, reduction in the histomorfometric parameters and lower X-ray intensity. It is concluded that 
this characteristics indicates a validation in the assessment of fracture risk. 
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1. Introduction 
Osteoporosis is a metabolic disease, occurring mostly in post-menopausal women, generally over 50 years of 
age, attributed to the decrease in estrogen levels [1,2]. It can be assessed by a set of factors: bone mass loss, 
morphological change, microarchitectural deterioration, thinning of the trabeculae, porosity increase, connectivity 
loss, trabecular number reduction, trabecular deterioration from plaque-like shape to rod-like and imbalance in the 
rates of reabsorption and new bone formation [2-4], causing fragility and increasing the fracture risk, with little to 
no trauma, mainly in the cancellous bone of hips and vertebra [5,6], being compression the most common and 
associated with morbidity and increased mortality. It is noticed in Fig. 1. some changes between a health and 
osteoporotic cancellous bone extracted from human iliac crest. 
 
a)  b)  c)  
Fig. 1. Tridimensional microarchitecture of cancellous bone extracted from human iliac crest: (a) 32 years old (normal); (b) 59 years old 
(osteopenic); (c) 80 years old (osteoporotic). 
Fracture risk depends on each individual’s bones quantity and quality [2], associated with mechanical strength, 
turnover, bone mineral density (BMD) and microarchitecture. Although bone quantity (mass) is correlated with 
strength [7,8], quality remains unexplained. Therefore bone density is still the major determinant of mechanical 
strength and fracture risk [9]. Its diagnoses depends on densitometry exams that are not satisfactory in predicting 
the risk of osteoporosis, even though this exam is still the golden standard [10,11]. 
The trabecular bone is considered a composite material, viscoelastic, heterogeneous, orthotropic and anisotropic 
[12,13], composed of a bone matrix described in different anatomical levels: of organic nature (60%) consisting 
mainly of type I collagen, inorganic (30%) comprised of hydroxyapatita crystals and water (10%) [14], organized 
in a complex macro and microarchitecture [15,16], providing stiffness with a certain degree of elasticity. Studies of 
the properties of bone material, where the effects of geometry are evaluated suggest that stiffness is the most 
affected characteristic of the mineral component and microarchitecture [17], represented by equation 1.1: 
ER   (1) 
where, E is the Young’s modulus,  is the density of the bone and  is the form factor. 
BMD measurement has been used to diagnose vertebral osteoporosis through low intensity X-ray (DXA – Dual 
Energy X-ray Absormetry), determining area (g/cm2) and calcaneal ultrasonometry, that provides a clinical 
measure called stiffness index, expressed in T-score. A T-score above -1.0 is considered normal, between -1 and -
2.5 reflects osteopenia and below -2.5 osteoporosis [3,18,19]. However, this method does not describe the influence 
of cancellous bone quality as a tridimensional microstructure, microdamage accumulation, mineralization and 
fracture resistance [20]. 
Bone tissue is continuously in action. The cellular activities are separated in three types: modeling, repairing and 
remodeling activities [21]. 
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The bone remodeling occurs in both cortical and cancellous bone as can be observed in histological slides 
[22,23]. 
Image analysis by three-dimensional micro-computed tomography (μCT) enabled the assessment of 
microarchitecture specific dimensions (2D and 3D) [24-26] of histomorphometrics parameters, that are related to 
age, sex, mineral density and disease changes [27,28], however, detailed surface morphology and cancellous bone 
fracture can’t be identified. This parameters can be assessed by scanning electron microscopy (SEM), which is a 
technique used to obtain images of the bone structure (~2-10nm) including visualization of microfractures, the 
degree and distribution of mineralized bone [29-31]. 
Studies have explored the influence of volume and bone mineralization in biomechanical properties [32]. 
Quantitatively and qualitatively the cancellous bone of T12 vertebrae were characterized by techniques of surface 
and volume analysis. 
2. Methods and Materials 
Were removed surgically six thoracic vertebras (T12) from human cadavers within 12 hours post-mortem and 
divided into three groups: normal, osteopenic and osteoporotic, through quantitative calcaneal ultrasonometry 
(QUS), using Aquilles Insight (GE MEDICAL SYSTEMS LUNAR®) equipment. 
Samples collection followed procedures established and approved by Research Protocol n° 408/11 of the 
Research Ethics Committee from the Medical School, University of São Paulo/Brazil. 
Samples were extracted axially from frozen vertebral bodies, by means of a trephine drill post-surgical 
procedure of dissection and standardized in cylindrical shape (10x20) mm. Bone marrow was extracted by a 
process of washing, kept moist with saline and frozen in -20°C and analyzed by μCT, light microscopy (LM), and 
SEM. 
To analyze by LM (Leitz DMRX model – Leica), samples were dehydrated in laboratory oven at 37°C in a 
period of 24h, in order not to degrade the collagen fibers, fixed with epoxy resin (Cristal T-208), polished with 
0.05μm alumina and digitalized (Motic Image Plus 2.0). 
The histological procedures of the calcified samples, followed fixation protocol in PBS-buffered formalin, 
dehydration in alcohol 70/80/96/100% for 3 to 7 days and embedded in resin (Tecnovit 7200). Were made cross 
sections in serial cuts of the samples (10 m) using Exakt Cutting & Grinding Techinique [33] equipment, fixed in 
histological glass slides, colored using Mallory’s trichrome solution and captured with the same LM. 
The samples analyzed by the SEM (ZEISS LEO 440 - CAMBRIDGE, ENGLAND) were without bone marrow, 
dehydrated, dried, with cylindrical shape (5x10) mm and coated with carbon and gold (aproximatly 20 nm). 
Reconstruction and analysis by CT 1172 (SKYSCAN®, Kontich - Belgium) [34], has an image resolution of 
(1632x1556) pixels, with pixel size of 8.88μm (Fig. 6), exposure time of 500ms, ranging from 1700 to 2000 
tomographic transversal slices, for samples of (10x20) mm. It resulted in a data volume corresponding to a three-
dimensional matrix of (1632x1632x1556) pixels. 
In the X-ray diffraction (DRX) (Siemens D5005 - German), samples composed of hydroxyapatite, were 
processed using liquid nitrogen to weaken the structure and turn it to powder using the mortar. Was applied the 
powder equipment with a power of 40kV and 40mA, K-alpha copper radiation and wavelength =1.54056Å, angle 
/2  from 2 to 50 degrees, step 0,02° of 10 seconds each, using the software EVA afterwards. 
3. Results 
3.1. Ultrasonometry analisys 
Quantitative data found in pre-selection of the groups were defined from the morphometric characterization of 
cadavers through T-score values, as represented in Table 2.1. 
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Table 1. Group classification by calcaneal ultrasonometry. 
Group Sex Age (years) T-score 
Normal 1 Male 47 -0.667 
Normal 2 Male 75 -0.933 
Osteopenic 1 Male 93 -2.500 
Osteopenic 2 Female 75 -2.333 
Osteoporótic 1 Female 89 -2.900 
Osteoporótic 2 Female 91 -2.967 
 
These values gave an indication of the clinical condition of the individuals, these being only a reference to 
separate and correlate the groups for the subsequent proposed analysis. 
3.2. Histological analysis 
Analysis by histology (2D) provided a view of bone turnover process, and balance/imbalance in rate of bone 
reabsorption and formation, observed in Fig. 2. 
 
 
Fig. 2. Histological slides colored with Mallory’s trichrome (200x): (a) normal; (b) osteopenic; (c) osteoporotic. 
The Fig. 2a shows the histology of the group considered normal, shown by the thicker band of newly formed 
bone (blue band) by osteoblastic cells and a reabsorption by osteoclastic cells (red – mature bone), which shows the 
process of turnover in balance. In Fig. 2b can be observed an increase in the reabsorption activity by the 
osteoclasts, forming more visible gaps and an osteoblastic activity less pronounced, indicating an early imbalance 
in the turnover process. Finally, Fig. 2c shows an advanced state of degradation and reabsorption of the trabecular 
structure. 
3.3. Light microscopy 
It can be observed bone integrity among the three groups. Fig. 3a, considered as normal, shows well organized 
lamellas, composed of interspersed layers of collagen fibers and hydroxyapatite. Fig. 3b, considered osteopenic, 
already has a beginning in degradation between lamellas and crack propagation. In Fig. 3c, considered 
osteoporotic, is observed a pronounced fracture with degraded borders. The trabeculae had diameters ranging 
around 50 to 200 m, and pores formed by osteoid between 3 to 8 m, with Harvers and Volkmann’s canals 
between 10 to 25 m.  
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a)  b)  c)  
Fig. 3. Light microscopy of human vertebral cancellous bone fixed in epoxy resin and polished (500x): (a) normal; (b) osteopenic; (c) 
osteoporotic. 
Since it’s a crystalline material, the bone has a tendency to brittle fracture (Fig. 3b-c), however, the layered 
organization of the collagen fibers causes the fracture to propagate parallel to their lines, and as less organized, the 
more irregular the crack propagation becomes, observed for the osteoporotic groups. 
3.4. Scanning electron microscopy 
In bones considered normal (Fig. 4a, 5a) there was little change in microarchitecture, formed essentially by 
regular pores (rounded), greater connectivity, increased trabecular number and separation by thick and well 
organized. 
 
a)  b)  c)  
Fig. 4. Scanning electron microscopy of human vertebral cancellous bone fixed in epoxy resin and polished: (a) normal (700x); (b) osteopenic 
(3000x); (c) osteoporotic (3000x). 
a)  b)  c)  
Fig. 5. Scanning electron microscopy of human vertebral cancellous bone coated with gold and carbon: (a) normal (300x); (b) osteopenic 
(300x); (c) osteoporotic (300x). 
For bones considered osteopenic (Fig. 4b, 5b), it was observed the initiation of brittle fractures, trabeculae 
thinning and absence of plaque-type connections. Finally, in osteoporotic bones (Fig. 4c, 5c), there was a presence 
of cracks and brittle fractures with greater irregularity, poor connectivity, trabeculae thinning and microarchitecture 
deterioration. 
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3.5. Microtomography 
Based in principles of steriology and morphometric parameters [35] obtained by the softwares CTAn (CT-
Analyser) and CTVox (for volume rendering) it is possible to reconstruct the solid models of the groups from 
tomographics slices (Fig. 6-7). The mineralized bone region is represented by an intensity grayscale. 
 
a)  b)  
Fig. 6. (a) Radiographic image of human vertebral cancellous bone sample (3D); (b) one of the tomographic slices (2D). 
a)  b)  c)  
Fig. 7. 3D reconstruction: (a) normal; b) osteopenic; c) osteoporotic. 
The normal group (Fig. 7a) has a high plaque shape trabecular number, bone volume, connectivity and little 
erosion. Fig. 7b shows a reduction in plaque shape trabecular number, bone volume, an increase in rods, with low 
connectivity and defects in bone structure. In Fig. 7c, osteoporotic group, trabeculae were shaped predominantly by 
rods, with thinning, low connectivity, trabeculae degradation and increased porosity. The main parameters of the 
trabecular microarchitecture generated by the 3D analysis of Fig. 7 are represented in Table 2. 
Table 2. 3D histomorphometric parameters for each sample. 
Abbreviation N1 N2 Opn1 Opn2 Opr1 Opr2 
BV (mm3) 141.761 222.160 85.979 157.798 79.102 66.794 
BV/TV (%) 7.196 12.398 4.946 6.840 4.214 3.112 
Tb.Th (mm) 0.117 0.146 0.131 0.145 0.115 0.122 
Tb.Sp (mm) 0.964 0.651 1.362 1.094 1.201 1.356 
Tb.N 0.614 0.847 0.377 0.473 0.366 0.254 
SMI 1.347 1.910 1.491 2.350 1.777 1.983 
DA 0.386 0.371 0.191 0.055 0.410 0.234 
Eigenvalue 1 5.451 3.389 6.730 6.694 5.251 7.854 
Eigenvalue 2 6.338 3.587 7.735 6.933 5.962 8.413 
Eigenvalue 3 8.884 5.388 8.324 7.087 8.902 10.252 
Conn.Dn (1/mm3) 10.893 15.285 5.111 18.578 3.878 3.256 
Po (%) 92.904 87.611 95.054 93.160 95.785 96.888 
BMD (g/cm3) 0.968 0,902 0.900 0.766 0.808 0.779 
BMD SD (g/cm3) 0.001 0.001 0.002 0.002 0.002 0.002 
N 1,2 = Normal 1,2; Opn 1,2 = Osteopenic 1,2; Opr 1,2 = Osteoporotic 1,2; BMD  = 0.05. 
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Where, BV is the bone volume, TV is the tissue volume, BV/TV is the percent bone volume, BS is the bone 
surface, Tb.Th is the trabecular thickness, Tb.Sp is the trabecular separation, Tb.N is the trabecular number, SMI is 
the structure model index, DA is the degree of anisotropy, Conn.Dn is the connectivity density, Po is the total 
porosity, BMD is the mean bone mineral density and BMD SD is its standard. 
Tab. 2 shows some morphometric parameters obtained by the CTAn (CT-Analyser) program. BV is the bone 
volume binarized within the VOI, calculated using tetrahedrons constructed from the triangularized surface, with 
values lower for the osteoporotics. The TV index is determined by counting the voxels of the bone tissue within the 
VOI. BV/TV is the ratio of bone volume within the VOI, used to characterize the amount of bone mass of the 
structure and represents the mineral content of the sample, where in this case it is lower for osteoporotic groups. 
Tb.Th is calculated using spheres whose diameter must fill the trabecular structure. There is a tendency for 
higher values for the normal and osteopenic groups. Tb.Sp uses the same principle of calculation as Tb.Th but 
within the spinal region. Osteopenic and osteoporotic groups have higher values. Tb.N is the inverse of the distance 
between the average axis of the trabeculae, being respectively lower for the osteopenic and osteoporotic groups. 
The SMI indicates the relative prevalence of rods and plates in a 3D structure of trabecular bone, involving a 
measurement of surface convexity. This parameter is important to know osteoporotic degradation of trabecular 
bone which is characterized by a transition from plate-like to rod-like architecture, where a structure with only 
plaques or rods will have values of SMI 0 and 3 respectively, showing higher values for the osteopenic and 
osteoporotic groups. 
DA is based on the mean intersection length (MIL) of trabeculae in certain number of pores, i.e. measures the 
tendency of a given symmetry for the structure. The DA of the VOI is the relation between the maximum and 
minimum eigenvalue, where DA=1 means complete anisotropy and DA=0 [36]. It can be observed that the 
individual osteoporotic 1 tends to be anisotropic while the individual osteopenic 2 tends to be isotropic. 
The eigenvalues define the radii of the principal direction of the structure. On Table 3 the eigenvalue 3 is 
significantly higher than 1 and 2, indicating a tendency for a transversally isotropic symmetry (a preferred direction 
of loading towards gravity), observed statistically for the paired t test (Table 3), using the Excel software to assess 
the statistical similarity or differences of the eigenvalues. For average differences, the eigenvalue 1 and 2 are well 
correlated, while 1 and 3, 2 and 3 are not well correlated because the eigenvalue 3 have higher numerical difference 
compared to 1 and 2. 
Table 3. Statistical correlation of the eigenvalues differences. 
 Eigenvalue 
1 and 2 
Eigenvalue 
1 and 3 
Eigenvalue 
2 and 3 
Average differences 0.60 2.24 1.64 
SD 0.33 1.21 1.09 
p-value 0.007 0.006 0.014 
Where N = 5;  = 0.05; p = 0.01 very significant; p<0.001 extremely significant. 
 
Conn.Dn is defined as the maximum number of multiply connected connections of the structure. The 
osteoporotic group presents significant decrease of this connectivity density. 
Po is the volume of pores within each discreet 3D object as a percent of the total of solid plus pore volume, 
within the VOI. According to the above results, the total porosity is greater for the osteoporotic group. 
The mean BMD was calculated to each case and it had lower values for the osteoporotic as it was expected. 
To understand bone integrity, the mechanical behavior and fracture strength, were correlated morphological 
variables of the microarchitecture of the trabecular bone between groups using the software Origin, for the 
parameters of thickness, trabecular separation, bone volume fraction, connectivity and porosity, as shown in Fig. 8. 
For correlation, linear fit was applied. Fig. 8 presents trends of correlation between morphometric parameters, 
however, are not statically representative because of the small sample number. 
 
13 R. Cesar et al. /  Procedia Engineering  59 ( 2013 )  6 – 15 
a)  b)  c)  
Fig. 8. Morphological parameters correlation: (a) BV/TV x Conn.Dn; (b) Tb.Sp x Tb.Th; (c) BV/TV x Po 
In Fig. 8a, the graph between bone volume fraction and connectivity is directly proportional. The Fig. 8b-c 
showed an inversely proportional linear correlation between the thickness and trabecular separation and between 
bone volume fraction and total porosity, respectively. 
3.6. X-ray diffraction 
The X-ray diffraction technique allows obtaining and comparing spectra of the bone groups, where in Fig. 9 is 
identified the peaks as originating from hydroxyapatite crystallites (green vertical lines), and an amorphous part 
seen by the wider band between 13 and 23 degrees. 
 
 
Fig. 9. X-ray diffraction from normal group (blue), osteopenic (black) and osteoporotic (red). 
The peaks of hydroxyapatite are, in all three cases, at 25.9 °, 32 °, 39.6 °, 46.7 ° and 49.5 °, where the most 
significant peaks are at 32 °. Analyzing them it is possible to conclude that the bone considered osteoporotic results 
in a lower intensity compared to others. 
4. Conclusion 
From image analysis through microscopies, it was possible to see the differences between in the groups, like 
crack size, fractures, pore diameters, surface topography and degradation, besides the possible correlation between 
microarchitecture and mechanical properties. 
The microtomography parameters for the osteopenic and osteoporotic groups presented a tendency of trabecular 
thickness, connectivity and connectivity density, increase in porosity, pore diameter and degradation which 
weakens bone strength. In the osteopenic case, it was observed the formation in some regions of plaques because of 
the microfractures (Fig. 7b). The mechanical behavior or prediction of the risk of fracture can be partially explained 
by the fraction of the bone volume, trabecular orientation, connectivity, anisotropy and heterogeneity. 
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For the results of the X-ray analyses, it was seen an lower X-ray intensity for the osteoporotic bones, one 
possible explanation is based on the stacking fault energy (SFE), which corroborate with the previous evaluations. 
An osteoporotic bone structure would have a more disorganized structure than a normal bone. Therefore, the lattice 
parameters within and between unit cells would vary more chaotically, resulting in a higher SFE. Consequently, 
there would be a greater dispersion of the X-ray, causing a lower intensity of the respective peaks, showing that the 
assessment of this factor should be considered. 
It was concluded that, for this case, the bone quality as a binomial composition and microarchitecture may be 
dependent on many factors like volume fraction or bone density, orientation, lattice organization, connectivity, 
porosity and microarchitecture, which can correlated with the risk of fracture.  
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